We show that holes and perpendicular mode ripples that are generated at low argon ion beam energies and incidence angles on room temperature silicon targets (C. S. Madi et al, Phys. Rev. Lett. 101, 246102 (2008) and C. S. Madi et al, J. Phys. Condens. Matter 21, 224010 (2009)) are caused by multiple scattering events from the impingement of the primary ion beam on adjacent silicon shields. We show that in a geometry that minimizes these multiple scattering events, only ultra-smooth stable silicon surfaces are for incidence angles < 50° from normal. We present a revised topographical phase diagram of 250-1000 eV Ar + ion bombarded silicon surfaces in the linear regime of surface dynamics in the absence of secondary scattering effects. It is characterized only by a diverging wavelength phase transition from parallel mode ripples to a flat stable surface as the incidence angle falls below about 50° from normal incidence, and a crossover to perpendicular mode ripples as the incidence angle crosses above about 80°.
Introduction
Pattern formation resulting from uniform ion irradiation of solid surfaces in the low energy regime (typically 10 2 -10 4 eV) where the energy loss is dominated by nuclear collision cascades has been the topic of continued experimental and theoretical investigations. Due to its simplicity, noble-gas ion irradiation of silicon has been extensively studied as a very promising system for experimental tests of theory: it is a monatomic system amenable to molecular dynamics simulation and its near-surface region is amorphous under ion bombardment, thereby minimizing the potentially confounding effects of disproportionation and crystallographic singularities [1] . However, despite its attractive attributes, the noble gas  silicon system has proven remarkably finicky, confounding researchers via interlaboratory irreproducibilities that now appear to be mainly the result of trace metal surface contamination [2] . In our experimental studies we have gone to great lengths to avoid trace impurity contamination of our silicon surfaces by, e.g., shielding all surfaces of the sample holder subject to direct ion irradiation with silicon [3] .
We have recently shown both experimentally [4] and theoretically [5] that the topographical pattern-forming instability is determined by the effects of ion impact-induced prompt atomic redistribution and that sputter erosion -the erstwhile consensus predominant cause -is so much smaller an effect that it is essentially irrelevant, except possibly for the most grazing angles. We have also presented a parameter-free theory [5] that proposes a replacement of the erosion-based erstwhile paradigm with a new paradigm based on the crater function -the change in surface topography in the vicinity of an impact, averaged over many impacts. This A c c e p t e d M a n u s c r i p t theory, whose predictions are worked out for 250 eV Ar + impacts on amorphous silicon, reproduces the magnitude of the experimental wavelength as well as the experimental observation of a diverging-wavelength bifurcation -a phase transition from a rippled surface to a flat, stable surface -as the angle  from normal incidence is reduced toward ~45° from higher angle. However, the theory does not reproduce the experimental observation of a constant-wavelength bifurcation from a flat surface to a rippled surface as the incidence angle is further decreased past 20° [3, 6] . On the contrary, the theory predicts that a flat surface is maximally stable as normal incidence is approached.
In this paper, we show experimentally that the origin of the constant wavelength bifurcation exhibited by silicon at low ion beam incidence angle and energy is a multiple scattering artifact of either scattered argon or recoiled silicon impinging upon the target surface.
Experiment

Procedures
We performed argon ion irradiation experiments on Si(001) targets (p type, 1-10  cm) in a high vacuum chamber (base pressure 2×10
−8 Torr at room temperature) with the projected ion beam direction along the [110] crystallographic direction. The argon ions were generated using a 3 cm RF source with graphite accelerating grids. The ion flux from the source was 0.57 mA cm −2 in the plane perpendicular to the ion beam. The beam divergence was roughly 5° and the distance to the target was approximately 15 cm. To vary the incidence angle, targets were fixed, using melted indium (with no indium exposed to the ion beam), onto graphite wedges of various angles which were shielded everywhere from the ion beam by Si wafer shields. Thus, only silicon was exposed to the direct ion beam and contamination induced dynamics are suppressed. After irradiation, atomic force microscopy (AFM) images were obtained using an Asylum MFP-3D Stand Alone (MFP-3D-SA) system in tapping mode. During the course of these studies we noticed the sensitivity of pattern formation on Ar + ion-sputtered silicon surfaces to the detailed configuration with which the Si targets are fixed to the wedges of various inclinations within the vacuum chamber.
Experimental Results
In Figure 1 (a) and 1(c), we show two different implemented geometries for normal incidence Ar + ion bombardment of a silicon target. In Figure 1(a) , the ion gun is mounted at an angle α with respect to the surface normal of the silicon-shielded target holder, with the Si target fixed on a wedge with the same inclination angle α. The resulting target surface topograph induced by normal incidence ion bombardment is shown in Figure 1(b) : an array of holes with characteristic length scale of about 70 nm is distributed across the entire 1 × 1 cm 2 Si surface. Figure 1(c) shows normal incidence Ar + ion bombardment of a Si target that is being fixed using melted indium to a wedge-free holder with the ion gun mounted along the target surface normal. The corresponding surface topography is featureless and smooth as shown in Figure 1(d) . Hence, it appears likely that higher order collision effects such as secondary collisions by scattered argon and redeposition of sputtered silicon from the shields onto the A c c e p t e d M a n u s c r i p t target surface are directly responsible for the generation of the hole structure. Analysis of these complex processes would require knowledge of the scattered angular and energy distributions of primary ions as well as of the silicon atoms sputtered from the shields.
The results shown in Figure 2 further confirm our claim that pattern formation at normal incidence is due to secondary collisions in the target following primary collisions in the silicon shielding with line of sight to the target surface. In Figure 2 (a) , we observe that as the distance x in the target from the nearest point of the silicon shield increases, the observed topography changes from perpendicular mode ripples to flat and smooth for x ≥ 15 mm. In Figure 3 , we present a phase diagram of patterns formed on Ar + ion bombarded silicon surfaces in the linear regime of surface dynamics in the absence of secondary scattering effects. The two control parameters are ion beam energy E and angle θ from normal incidence. At all θ < 47.5°, we observe ultra-smooth stable surfaces across all ion energies 250 eV ≤ E ≤ 1000 eV, whereas at incidence angles of 50° ≤ θ ≤ 80° we observe parallel mode ripples (wavevector parallel to the projected ion beam on the surface) characterized by a diverging wavelength as θ approaches 50° from above. Finally, at sufficiently high angles  ≈ 85° we observe perpendicular mode ripples characterized by their wavevector being perpendicular to the ion beam. M a n u s c r i p t M a n u s c r i p t Figure 2 . Effect on surface topography of secondary collisions in the Si(001) target following primary collisions at the silicon shielding with line of sight to the target surface. As distance x from the edge of the wedge with angle α = 60° is increased, perpendicular mode ripples give way to a flat stable surface. The AFM topograph scan size is 2 μm × 2 μm. The vertical range is 3 nm in (b)-(d) and 2 nm in (e). The AFM topographs are obtained following irradiation with 250 eV Ar + at room temperature and fluence of 9.510 18 ions/cm 2 .
A c c e p t e d M a n u s c r i p t 18 Ar + cm −2 for flat stable surfaces and 3.2 × 10 17 Ar + cm −2 for parallel and perpendicular mode ripples at θ ≥ 50°.
Conclusions
The results presented here lead to the inescapable conclusion that the instability that we previously identified in the low-energy, low-angle corner of the Ar +  Si morphology phase diagram [3, 6] is due to multiple scattering effects involving irradiation of silicon shields simultaneously with the silicon target. The phase diagram appearing in Figure 3 replaces the one we reported previously.
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